A high-performance liquid chromatographic method, coupled with UV detection and electrospray ionization mass spectrometry (HPLC-UV-ESI-MS), is developed for the simultaneous determination of the illegal additives sibutramine and its metabolite N-di-desmethylsibutramine in dietary supplements for weight control. The separation is achieved on a Spherisorb C8 reversedphase column, employing acetonitrile and an aqueous 0.2% formic acid solution containing 20mM ammonium acetate as mobile phases in a gradient mode. UV detection is used for quantitation at a wavelength of 223 nm. Identification of target compounds is completed by ESI-MS using selected ion recording at m/z 280 for sibutramine and m/z 252 for N-di-desmethylsibutramine. Calibration curves are linear over the range of 0.025-1.0 mg/mL for sibutramine and N-di-desmethylsibutramine. Correlation coefficients are better than 0.9990. The intra-and inter-day precision and accuracy for sibutramine and N-didesmethylsibutramine are acceptable. The method is successfully applied to the analysis of natural dietary supplement samples.
Introduction
Sibutramine, N-[1-(4-chloro phenyl cyclobutyl)-3-methylbutyl]-N-N-dimethyl amine, is a tertiary amine (1) . The U.S. Food and Drug Administration (FDA) approved sibutramine for the treatment of obesity (2) . Now, it is a recommended drug to help those who are obese to lose weight. After being administered to animals and humans, sibutramine is rapidly metabolized to N-mono-desmethylsibutramine and N-di-desmethylsibutramine. The in vivo effects of sibutramine are mainly due to the actions of these two metabolites (2, 3) . But in excessive amounts, sibutramine might cause a series of side effects such as palpitation, chest pain, insomnia, diabetes, anorexia, and abnormal liver (4) (5) (6) .
A dietary supplement (or functional food) is a product taken by mouth that contains a "dietary ingredient" intended to supplement the diet. The "dietary ingredients" in these products may include: vitamins, minerals, herbs or other botanicals, amino acids, and substances such as enzymes, organ tissues, glandulars, and metabolites. The dietary supplement manufacturer is responsible for ensuring that a dietary supplement is safe before it is marketed. The FDA is responsible for taking action against any unsafe dietary supplement product after it reaches the market. Dietary supplements for weight control should be safe without causing any danger to health. However, illegal dealers add some drugs such as sibutramine or its analogs such as N-didesmethylsibutramine into the dietary supplements to enhance the weight-reducing effect of the products. These illegal products may endanger people's health. Among illegal additives, the drug analogs such as N-di-desmethylsibutramine are more covert because these types of components are always out of the monitoring range. Therefore, the drug analogs are more frequently added to the products by illegal dealers. To ensure the quality of dietary supplements for weight control and to protect people's health, it is important to develop a method to determine these illegal additives. For the analysis of sibutramine and N-di-desmethylsibutramine, a number of methods such as high-performance liquid chromatography (HPLC) and liquid chromatography electrospray ionization mass spectrometry (LC-ESI-MS) (2,7-9) have been developed. Among these methods, most of them have been used to determine sibutramine and its metabolites in plasma samples. Recently, some analytical methods for the determination of sibutramine and its metabolites in herbal products have been reported (10, 11) . For the identification of sibutramine, a urine sample and a Chinese herbal capsule sample were analyzed by gas chromatography-MS and HPLC-diode array detection. However, the authors only analyzed sibutramine (11) . In 2007, Zou et al. presented an analytical method of LC coupled with triple quadrupole MS and time-of-flight MS. This method successfully identified sibutramine, its two metabolites, and one analogue in an herbal product for weight loss. However, there was no quantitative analytical result (10) .
In the present work, an accurate and fast method for the simultaneous determination of sibutramine and N-di-desmethylsibutramine in dietary supplement products is proposed. The method showed some merits such as specificity, sensitivity, and simplicity in sample preparation.
Experimental

Materials and chemicals
The HPLC system used was Waters (Milford, MA) alliance 2695 module, which was interfaced to a Waters 2487 dual absorbance detector. The detection wavelength for the quantitation of sibutramine and N-di-desmethylsibutramine was set at 223 nm. The MS used was a Micromass ZQ 2000 (Manchester, UK) equipped with an ESI probe and a quadrupole analyzer. The control of system and data acquisition was performed with a Masslynx 3.5 workstation (Waters).
Sibutramine hydrochloride and N-di-desmethylsibutramine were obtained from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). The purities for the standards were higher than 99% (HPLC). The chemical structures of these compounds are shown in Figure 1 .
Acetonitrile and methanol were of HPLC-grade from Tedia Company (Fairfield, OH). Formic acid (analytical-grade reagent) was purchased from Shanpu Chemical Corporation (Shanghai, China). Ammonium acetate (analytical-grade) was obtained from Shanghai Chemical Company (Shanghai, China). Ultrapure water was prepared by a Millipore Milli-Q purification system (Millipore Corp., Bedford, MA). The samples were purchased from supermarkets (Changsha, China). All of these products are natural dietary supplements for weight control. Drugs are forbidden to be added in these products according to Chinese law. The samples included two oral liquid formulations, eight capsules, and five tealeaf preparations (their herbal constituents are listed in Table I ).
Preparation of standard solutions
Stock solutions of sibutramine and N-di-desmethylsibutramine were prepared in methanol, respectively. The concentration of each compound was 10.0 mg/mL.
Ten milliliters of these stock solutions were transferred to a volumetric flask to produce the mixed standard solution. This solution was then diluted using methanol to yield a series of working standard solutions for validation and calibration. The final concentrations of the compounds were: 0.025, 0.05, 0.10, 0.25, 0.50, and 1.0 mg/mL, respectively.
Preparation of sample solutions
The solid sample (0.5 g) was crushed and extracted with methanol in an ultrasonic bath for 10 min. After filtering, the sample solution was diluted to 10 mL with methanol. Five microliters of the sample solution were injected into the HPLC system. The liquid sample was filtered through a 0.45-µm nylon membrane, and 5 µL of the filtrate were injected into the HPLC system.
HPLC-MS analysis
A column packed with 5 µm C8 bonded to silica (4.6 mm × 250 mm) (Johnson, Dalian, China) was used for the separation. The mobile phase consisted of acetonitrile (A) and an aqueous solution with 0.2% formic acid and 20mM ammonium acetate (B). The gradient elution was programmed as follows: A was maintained at 4% within the first 3 min, linearly increased to 40% during the following 7 min, then maintained at 40% for another 10 min. The flow rate was set at 1 mL/min and the column temperature was maintained at 30ºC.
ESI was operated in the positive mode to generate [M+H] + ions at m/z 280 for sibutramine and m/z 252 for N-di-desmethylsibutramine. Nitrogen was used as the desolvation gas at a flow rate of 250 L/h and cone gas, the flow rate was set to 50 L/h. The desolvation temperature was maintained at 250ºC. The source temperature was 110ºC. Capillary and cone voltages were 3.5 kV and 30 V, respectively. The ionization source was set to 105ºC. The extractor voltage was set at 4 V, and 0.5 V for RF lens. The outflow of the UV detector was split with only 0.2 mL/min portion of the column eluent delivered to the MS.
Linearity, limit of detection, limit of quantitation
The mixed standard solutions (the working solutions) at each concentration level were injected in triplicate. Calibration curves were constructed by plotting the average peak areas of the standard compounds against the corresponding concentrations. The limit of detection (LOD) for UV detection was evaluated as the concentration giving a signal equal to three times of noise (S/N = 3); the limit of quantitation (LOQ) was determined as the mass giving a signal equal to ten times of noise (S/N = 10).
Results and Discussion
HPLC-ESI-MS
To improve the peak shape and MS detection sensitivity for target compounds, different mobile phase modifiers such as acetic acid, formic acid, triethylamine, and ammonium acetate were investigated. The results show that triethylamine dramatically impairs the MS sensitivities of sibutramine and N-didesmethylsibutramine. After optimizing the HPLC conditions, ammonium acetate and formic acid were adopted as the mobile phase modifiers. In order to improve the separation efficiency, a gradient mode was applied, and good separation of the analytes was obtained in 9 min. The mass spectra of sibutramine and N-didesmethylsibutramine are shown in Figure 2 . Different cone voltages including 20, 30, 40, 50, 60, 70, 80, and 90 V were investigated, respectively. The results showed that the most intense protonated molecular could be obtained by using a cone voltage of 30 V. The protonated molecules of sibutramine and Ndi-desmethylsibutramine ([M+H] + ) were at m/z 280 and 252, respectively. After increasing the cone voltage, collisioninduced dissociation (CID) was generated. The fragment ions of the protonated molecules were observed. Protonated molecules of sibutramine and N-didesmethylsibutramine lose HN(CH 3 ) 2 and NH 3 , respectively, to give a common fragment ion at m/z 235 which has a side chain of -CH=CH-CH-(CH 3 ) 2 . This fragment ion can be further fragmented to productions at m/z 179 and 153. By monitoring the protonated molecules and CID fragments, a highly sensitive and specific identification of the drugs can be accomplished. The typical in-source CID tracks of the protonated molecules are shown in Figure 3 . It indicates that sibutramine and N-di-desmethylsibutramine have same mother structure.
Method validation
Linearity of the two analytes was obtained over a concentration range from 0.025-1.0 mg/mL for sibutramine and N-di-desmethyl- sibutramine, respectively. Results are shown in Table II . Because there is phenyl moiety in the target compounds, the higher molar absorptivity of the phenyl structure results in a lower limit of UV detection. Hence the UV detection method has sufficient sensitivity and can be used for conventional analysis of these compounds even without mass spectrometric detection. However, the LOD for MS of these compounds was found to be lower. The proposed HPLC-ESI-MS method is advantageous in trace analysis of these compounds and can partly provide structural information for the fast screening for the illegal additives in the products even if no standards are available. The accuracy of the method was evaluated by calculating the mean recovery of the target compounds after adding standards to a blank sample (a capsule preparation) at low, medium, and high levels. Each sample with the same concentration was analyzed 3 times. The results are summarized in Table III . From this table, it can be seen that the mean recovery for two compounds was 93.3%-106.7%. These results for precision and accuracy met the acceptable criteria (12) .
Application
Most of the samples examined in the present work were complicated preparations, including nelumbo nucifera leaves, whitethorn, ginkgo leaves, cassia seeds, chrysanthemum, green tea, seaweed, etc. The compositions of all these herbs are rather complicated. However, under the previously given conditions, no interference from these herbs was observed. Figure 4 shows the chromatograms of a capsule preparation before ( Figure 4A ) and after ( Figure 4C ) adding sibutramine and N-di-desmethylsibutramine standards. It can be seen that no interfering components co-eluted with the two drugs. Among the 15 examined samples, two samples (oral liquid preparation 1 and tealeaf preparation 1) were found to contain sibutramine; the concentrations were 0.51 mg/mL and 2.17 mg/g, respectively. Two samples (capsule preparation 5 and capsule preparation 8) were found to contain N-di-desmethylsibutramine; the concentrations were 1.73 mg/g and 0.23 mg/g, respectively. A typical chromatogram of a sample (tealeaf preparation 1) is shown in Figure 5 . 
Conclusion
With the improvement in production technology of sibutramine and its analogous compounds, these compounds are becoming more available and their prices are on the decline, hence even more of these compounds are being illegally added to dietary supplements. The method presented in this paper is useful for the simultaneous monitoring of sibutramine and N-didesmethylsibutramine. It can be employed to ensure people's safety by inspecting dietary supplements which may contain these illegal substances. The developed method has the advantage of simplicity, rapidity, and accuracy.
